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ABSTRACT Many bacteria live only within animal cells
and infect hosts through cytoplasmic inheritance. These en-
dosymbiotic lineages show distinctive population structure,
with small population size and effectively no recombination.
As a result, endosymbionts are expected to accumulate mildly
deleterious mutations. If these constitute a substantial pro-
portion of new mutations, endosymbionts will show (i) faster
sequence evolution and (ii) a possible shift in base composi-
tion reflecting mutational bias. Analyses of 16S rDNA of five
independently derived endosymbiont clades show, in every
case, faster evolution in endosymbionts than in free-living
relatives. For aphid endosymbionts (genus Buchnera), coding
genes exhibit accelerated evolution and unusually low ratios of
synonymous to nonsynonymous substitutions compared to
ratios for the same genes for enterics. This concentration of
the rate increase in nonsynonymous substitutions is expected
under the hypothesis of increased fixation of deleterious
mutations. Polypeptides for all Buchnera genes analyzed have
accumulated amino acids with codon families rich in A+T,
supporting the hypothesis that substitutions are deleterious in
terms of polypeptide function. These observations are best
explained as the result of Muller’s ratchet within small
asexual populations, combined with mutational bias. In light
of this explanation, two observations reported earlier for
Buchnera, the apparent loss of a repair gene and the overpro-
duction of a chaperonin, may reflect compensatory evolution.
An alternative hypothesis, involving selection on genomic base
composition, is contradicted by the observation that the
speedup is concentrated at nonsynonymous sites.

The rate of evolution for completely neutral mutations de-
pends only on the mutation rate per individual (1). In contrast,
for mutations affecting fitness, substitution rates also depend
on population structure and the strength and direction of
selection. In particular, rates of substitution for mildly dele-
terious mutations are greater in small populations and in
strictly clonal ones (2-9). If a substantial proportion of muta-
tions are mildly deleterious, small and/or asexual populations
should show increased rates of sequence evolution (8).
Prokaryotes show a wide range of population structures.
Population sizes for most are believed to be extremely large,
with effective population sizes estimated at 10° for Escherichia
coli (10, 11). Although natural populations of bacteria appear
to be primarily clonal (e.g., see refs. 11-15), recent findings
indicate evolutionarily significant levels of recombination (16,
17). In contrast to typical, free-living prokaryotes are endo-
symbiotic bacteria that live only within cells of eukaryotes and
that are transmitted between hosts through maternal, cyto-
plasmic inheritance (18-20). Phylogenetic analyses based pri-
marily on 16S rDNA sequences indicate that these endosym-
biotic lineages are derived from a variety of bacterial subdi-
visions (21-24). Concordance between endosymbiont and host
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phylogenies indicates that at least some endosymbiotic infec-
tions are ancient. For example, Buchnera aphidicola appears to
have infected its aphid hosts 100-250 million years (MY) ago
(25, 26); some other endosymbiotic infections may be still older
(27). Compared to free-living relatives, cytoplasmically inher-
ited endosymbionts have tiny populations; in most, a bottle-
neck occurs each host generation when progeny are inocu-
lated. They are effectively clonal since no recombination can
occur between lineages sequestered in different hosts and
since horizontal transfer between hosts appears to be either
absent or extremely rare (22).

Endosymbiotic bacteria with th®§ population structure are
expected to accumulate mildly deleterious mutations. If such
accumulation is occurring, several predictions can be made.
First, endosymbiont sequences should evolve faster than those
of free-living related lineages. Second, this faster evolution
should occur at sites under selection but not at neutral sites,
since the latter evolve independently of population structure.
Third, since selective constraint will be relatively ineffective,
any mutational bias, in which some bases are favored as the
endpoints of mutations, should have a greater effect on base
composition of the genome, including sites subject to selection.

In this paper, I examine support for the above predictions.
First, relative rates of substitution are examined for 16S rDNA
of five independently evolved endosymbiotic lineages. For
Buchnera, the one case in which coding sequences are avail-
able, I address whether other genes evolve faster, as predicted.
Second, the prediction that the rate increase is concentrated in
sites subject to selection is tested by comparing ratios of
synonymous to nonsynonymous substitutions for Buchnera and
for E. coli/Salmonella typhimurium. Third, I present evidence
that mutational bias has affected DNA sequence evolution in
Buchnera and that the bias reflects evolution that is deleterious
at the level of polypeptide function.

MATERIALS AND METHODS

Relative Rates of Substitution in Cytoplasmically Inherited
Bacteria. Tests of rate increases were applied to 16S rDNA in
five instances of cytoplasmically inherited bacteria. These were
the mutualistic endosymbionts of aphids [B. aphidicola (26,
28)], whiteflies (21), mealybugs (23), and tsetse flies (29), and
also Wolbachia pipientis, a cytoplasmically transmitted bacte-
rium that causes reproductive abnormalities in arthropods (24,
30). Each was derived independently from free-living members
of the Proteobacteria, and each infection appears to be ancient
(22, 24, 25, 29).

Relative rates tests (31, 32) were used to test whether
endosymbionts evolved faster than related, free-living bacte-
ria. Each test depends on identifying an endosymbiont, a
closely related free-living taxon and a more distant, reference
taxon. Power and resolution are improved if the three taxa are
as close as possible while fulfilling this phylogenetic require-
ment (31). Choice of taxa was governed by availability of

Abbreviation: MY, million years.
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complete or nearly complete sequence, strong support for
phylogenetic assumptions based on previous analyses of 16S
rDNA sequences (21, 24-26, 29, 33), and closeness of rela-
tionship. In addition, the “Similarity _Rank” command in the
ribosomal data base project (34) revealed a close relationship
between Oceanospirillum japonicum and whitefly endosymbi-
onts; this was the only previously undocumented relationship
used in a test. Otherwise, sequences of related taxa were
obtained from GenBank/EMBL. Only sites shared by all test
taxa were included. Alignments were performed using PILEUP
of GCG (35); divergence levels were low enough that align-
ments were largely unambiguous. Distances were calculated
with GCG, using the Kimura two-parameter correction for
multiple substitutions at a site.

Many tests are possible for each endosymbiont group since
several sequences are available for all three taxon choices. Two
tests were performed for each group, with all three taxa used
in each test different. The two tests are not independent,
because they analyze evolutionary distances across overlap-
ping branches of the phylogeny. However, the paired tests help
to minimize the possibility of a misleading result due to recent
evolution in one test lineage.

GenBank/EMBL accession nos. for 16S rDNA are as fol-
lows: Buchnera from the aphid Schizaphis graminum [hereafter
Buchnera(Sg)], M63246; Buchnera from Schlechtendalia chi-
nensis [hereafter Buchnera(Sc)], Z19056; whitefly endosymbi-
onts from Siphonius phillyreae and Bemesia tabaci, Z11927 and
7.11925; mealybug endosymbionts from Pseudococcus longispi-
nus and Dysmicoccus neobrevipes, M68889 and M68888; tsetse
endosymbionts from Glossina brevipalpis and G. austeni,
L37341 and L37340; and W. pipientis from Culex pipiens and
Trichogramma deion X61768 and 1L02884. Free-living bacteria
used as sister and reference taxa were Aeromonas trota
(X60415), Agrobacterium tumefaciens (M11223), Erythrobacter
longus (M96744), E. coli (J01695), Legionella sp. (X60080),
Nitrosococcus oceanus (M96395), Nitrosolobus multiformis
(M96401), Proteus vulgaris (X07652), Pseudomonas aeruginosa
(X06684), Pseudomonas testosteroni (M11224), Rhodopseudo-
monas globiformis (M59066), and Vibrio parahaemolyticus
(X74721).

Relative Rates of Nondegenerate Substitutions in Coding
Genes of B. aphidicola. To determine whether rate increases
extend to other genes, relative rates tests were applied to eight
coding genes of Buchnera. These consisted of five genes coding
for tryptophan biosynthetic enzymes: trpa, trpb, trpc(f), trpd,
and trpe plus dnaA, rpoD, and groEL. dnaA is involved in the
initiation of chromosome replication, rpoD encodes a subunit
of RNA polymerase, and groEL encodes the large heat shock
protein, a chaperonin. The five #rp sequences are available for
Buchnera(Sc) and Buchnera(Sg) (36, 37). These diverged at the
base of the clade of extant aphids 100-250 MY ago according
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to fossil and molecular clock evidence (25, 38). For trp genes,
two tests were performed using different taxa. Sequences of
dnaA and rpoD are available for Buchnera(Sg) (39, 40); groEL
sequence is available for Buchnera of Acyrthosiphon pisum (41).

For comparisons between Buchnera and even the closest
free-living bacteria, synonymous sites are saturated for all
genes and 2-fold degenerate sites are saturated for some genes.
Thus, tests were performed only on nondegenerate sites (at
which any substitution results in an amino acid change). Under
the hypothesis of accumulation of deleterious mutations, these
sites should be affected. Nondegenerate sites were defined
using the method and program of Li (42). DNA alignments
were made to conform to alignments of inferred amino acid
sequences. Tests were otherwise similar to those for 16S
rDNA, although choice of free-living taxa was more limited by
sequence availability.

GenBank/EMBL accession nos. for coding genes are as
follows: Buchnera(Sg) (trp, Z19055, Z21938; dnaA, M80817,
rpoD, M90644), Buchnera(Sc) (trp, U09184-U09185), Buch-
nera(Ap) (groEL, S88668), E. coli (trp, V00364, V00366-
V00368, V00372; dnaA, J01602; rpoD, J01687; groEL,
X07850), Ps. aeruginosa (trp, M15826, M33814; rpoD, D90118;
groEL, M63957), Ps. putida (dnaA, X14791), S. typhimurium
(trp, M30285-M30286, V01376-V01378), V. parahaemolyticus
(trp, X17149).

Relative Frequencies of Synonymous to Nonsynonymous
Substitutions in Buchnera. Neutral mutations are expected to
accumulate at the same rate in endosymbionts and free-living
bacteria, whereas deleterious mutations should accumulate
faster in endosymbionts due to small population size and
absence of recombination. Thus, ds/dn (distance at synony-
mous sites/distance at nonsynonymous sites) is predicted to be
smaller for Buchnera(Sg)-Buchnera(Sc) than for E. coli-S.
typhimurium. All evolutionary change separating the two
Buchnera occurred in endosymbiotic lineages, whereas all
change separating E. coli and S. typhimurium occurred in
free-living lineages. These enterics are in the clade most closely
related to Buchnera (26). Molecular and fossil evidence sug-
gests similar divergence times for the two pairs, with 140 MY
hypothesized for the split between E. coli-S. typhimurium (9,
43) and 100-250 MY estimated for Buchnera(Sg)~Buchnera(Sc)
(25). Thus ds values are expected to be roughly similar for the two
pairs; dn values should be greater for Buchnera. Estimates of ds
and dy were obtained using the program MEGA (44).

Additionally, ds and dn for Buchnera(Sg)-Buchnera(Sc)
were obtained for partial sequences of argS (encoding argini-
nyl-tRNA synthetase, which charges tRNA#2), the only other
coding sequence available for more than one Buchnera (ref. 45,
accession nos. L18927 and L18932).

Evolution of Base Composition in Endosymbionts. A dis-
tinctive aspect of the Buchnera genome is its high [A+T]; the

Table 1. Relative rates tests for 16S rDNA of five groups of endosymbionts compared to related free-living bacteria

Taxon 1 Taxon 2 Taxon 3 K12 Kis K» Ki13—Ka3 z Ko1/Koz
Buchnera(Sg) E. coli Ps. aeruginosa 0.112 0.202 0.171 0.031 = 0.00021 2.11* 1.75
Buchnera(Sc) A. trota A. tumefaciens 0.149 0.274 0.231 0.043 = 0.00039 2.40** 1.82
Mealybug(Dn) R. globiformis A. tumefaciens 0.214 0.296 0.244 0.052 + 0.00039 2.65** 1.64
Mealybug(Pl) N. multiformis E. coli 0.221 0.267 0.203 0.064 = 0.00036 3.37%** 1.81
Whitefly(Sp) O. japonicum P. vulgaris 0.167 0.199 0.156 0.043 * 0.00023 2.78** 1.68
Whitefly(Bt) E. coli N. oceanus 0.230 0.236 0.183 0.053 + 0.00031 337 1.81
Tsetse(Gb) E. coli N. oceanus 0.150 0.231 0.182 0.049 * 0.00033 2.70** 1.97
Tsetse(Ga) P. vulgaris Ps. testosteroni 0.189 0.288 0.236 0.052 = 0.00045 2.47** 1.76
Wolbachia(Cp) A. tumefaciens N. oceanus 0.214 0.272 0.200 0.072 = 0.00039 3.70%** 2.03
Wolbachia(Td) E. longus Ps. testosteroni 0.248 0.310 0.234 0.076 * 0.00041 3.72%%* 1.88

See text for details on tests and selection of taxa and for species name and GenBank/EMBL accession nos. In each test, taxon 1 is the
endosymbiont, taxon 2 is a related free-living bacterium, taxon 0 is the most recent common ancestor of 1 and 2, and taxon 3 is a more distantly
related reference taxon. Kj; is the estimate of substitutions per site between taxon i and taxon j. Ko1 and Ko, were calculated as Ko1 = (K13 — K23
+ K12)/2; Ko2 = K12 — Ko1 (32). z scores were calculated as described (31). All tests support the hypothesis that endosymbionts evolve faster
(one-tailed tests with Ho: Koy </= Koz and Hy: Ko1 > Kop2). *, P < 0.05; %, P < 0.01; %, P < 0.001.
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Table 2. Relative rates tests for substitution at nondegenerate sites in coding genes of Buchnera versus free-living relatives
Gene  No. of sitesT Taxon 1 Taxon 2 Taxon 3 Ki2 K3 Kz Kij3—Kzz = SD z Koi/Koz
trpa 508 Buchnera(Sg)  E. coli Ps. aeruginosa 0.405 0.825 0.666 0.159 x0.075 2.11* 2.30
trpa 509 Buchnera(Sc)  S. typhimurium V. parahaemolyticus ~ 0.460 0.543 0.300 0.243 = 0.049  5.00*** 3.25
trpb 754 Buchnera(Sg)  E. coli Ps. aeruginosa 0.171 0391 0361 0.030 =0.032 0.96 1.43
trpb 754 Buchnera(Sc)  S. typhimurium V. parahaemolyticus ~ 0.215 0249 0.137 0.112 = 0.022  4.88*** 3.19
trpce(f) 852 Buchnera(Sg)  E. coli V. parahaemolyticust  0.441 0.490 0.353  0.137 = 0.036  3.75*** 1.91
trpe(f) 860 Buchnera(Sc)  S. typhimurium V. parahaemolyticus ~ 0.439 0.486 0.352 0.134 = 0.036  3.67*** 1.88
trpd 631 Buchnera(Sg)  E. coli Ps. aeruginosa 0.499 0.901 0.715 0.186 = 0.086 2.17* 2.19
trpd 629 Buchnera(Sc)  S. typhimurium V. parahaemolyticus ~ 0.481 0.498 0270 0.228 = 0.042  5.41*** 2.80
trpe 901 Buchnera(Sg)  E. coli Ps. aeruginosa 0346 0.715 0.673 0.042 £0.050 0.84 1.28
trpe 980 Buchnera(Sc)  S. typhimurium V. parahaemolyticus ~ 0.381 0.430 0.369 0.074 = 0.086  1.95* 1.39
dnaA 781 Buchnera(Sg)  E. coli Ps. putida 0.137 0.275 0.217 0.058 = 0.024  2.44** 2.46
rpoD 1190 Buchnera(Sg)  E. coli Ps. aeruginosa 0.118 0.287 0255 0.032 =0.017 1.62 1.75
groEL 1071 Buchnera(Ap) E. coli Ps. aeruginosa 0.086 0.177 0.141 0.036 £ 0.014  2.34** 2.39

See text for GenBank/EMBL accession nos. Calculations are the same as for Table 1. All tests support faster evolution in Buchnera (one-tailed

tests with H,: Koy </= Koz and Hy: Koy > Kpz). *, P < 0.05, #%, P < 0.01; *x*, P < 0.001.

tNumber of nondegenerate sites defined as in Li (42).

Ps. aeruginosa lacks fused trpc(f) and so was not used as a reference taxon.

GC% of Buchnera(Sg) is 27% compared to 50% for E. coli
(46-48). Several authors have noted that, among sites, effects
of mutational bias on substitutions are inversely related to the
strength of selection (49-52). Among lineages, effects of
mutational bias on substitutions are inversely related to the
effectiveness of selection. In species with typically large pop-
ulations, selection even at weakly selected sites can be very
effective, as evidenced by selection on translational efficiency
in highly expressed genes of E. coli (53, 54). Evolution in such
lineages should be relatively unaffected by mutational bias. In
endosymbionts, selection will be less effective at overriding
effects of mutational bias, possibly resulting in a shift in
genomic base composition.

Bias is expected to be greatest at relatively neutral sites but
also to have affected selected sites. The first prediction was
tested by examining %GC for different codon positions and
also codon usage in relation to base composition. The second
was tested by determining whether the bias toward A+T
results in substantial evolution at the polypeptide level within
Buchnera. Such an observation would imply that these substi-
tutions are deleterious, at least at the level of polypeptide
function. Calculations were performed using GCG (ref. 35;
Codonpreference command).

RESULTS

Relative Rates of Substitution in Cytoplasmically Inherited
Bacteria. For all five cases examined, rates of evolution of 16S
rDNA sequences were significantly higher in endosymbionts
than in related bacteria (Table 1). Rates are 1.7- to 2.7-fold
greater for the endosymbiont lineage than the free-living sister
lineage. Since endosymbiotic existence began after the shared

ancestor, these values are minimum estimates of the actual rate
increases.

Relative Rates of Nondegenerate Substitutions in Coding
Genes of B. aphidicola. For all eight genes, rates of substitution
at nondegenerate sites were greater in lineages leading to
extant Buchnera relative to those leading to E. coli or S.
typhimurium (Table 2). Rate differences were statistically
significant for almost all tests, with Buchnera sequences evolv-
ing 1.4-3.2 times faster.

Synonymous and Nonsynonymous Substitutions in Buch-
nera Versus Enterics. Values for ds/dn are unusually low for
Buchnera(Sg)-Buchnera(Sc) and consistently smaller than for
E. coli-S. typhimurium (Table 3). Values for ds are similar for
the five trp genes, consistent with the premise that synonymous
substitutions are essentially neutral and thus subject to similar
levels of selective constraint. Values for ds are also similar for
the two taxon pairs, consistent with previous evidence for
roughly equal divergence times. Thus, the lower ds/dn for
Buchnera is due to its elevated rates of nonsynonymous
substitutions.

These observations support the hypothesis that the speedup
in Buchnera involves accumulation of deleterious mutations.
They are inconsistent with the hypothesis that differences in
generation time or mutation rate underlie the rate difference,
since either of these should affect synonymous sites as much or
more than nonsynonymous sites.

Higher dn also will be observed if positive selection leads to
amino acid substitutions, as in instances in which there is a
change in function of the polypeptide (e.g., see refs. 19 and
55-58). This possibility can be excluded here. First, the change
affects all genes; positive darwinian selection should be re-
stricted to one or a few genes coding for the selected polypep-

Table 3. Distances based on synonymous (ds) and nonsynonymous (dn) substitutions for trp genes
of two Buchnera and of E. coli=S. typhimurium and for arg$ of the two Buchnera

Gene
(no. of codons) Comparison ds dn ds/dn
trpa(266) E. coli-S. typhimurium 0.704 = 0.032 0.083 = 0.011 8.48
Buchnera(Sg)-Buchnera(Sc) 0.570 = 0.037 0.281 = 0.018 2.03
trpb(397) E. coli-S. typhimurium 0.581 = 0.029 0.022 *+ 0.005 26.77
Buchnera(Sg)-Buchnera(Sc) 0.578 = 0.031 0.167 = 0.012 3.47
trpe(f)(469) E. coli=S. typhimurium 0.629 = 0.038 0.036 = 0.018 17.5
Buchnera(Sg)-Buchnera(Sc) 0.590 + 0.035 0.273 + 0.008 2.16
trpd(337) E. coli-S. typhimurium 0.556 = 0.031 0.016 = 0.005 36.61
Buchnera(Sg)-Buchnera(Sc) 0.567 = 0.034 0.269 = 0.016 2.11
trpe(520) E. coli-S. typhimurium 0.577 = 0.025 0.071 = 0.008 8.13
Buchnera(Sg)-Buchnera(Sc) 0.689 = 0.026 0.264 = 0.013 2.61
argS(131) Buchnera(Sg)-Buchnera(Sc) 0.533 = 0.056 0.370 = 0.029 1.44
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FiG. 1. Use of A+T-rich codons in Buchnera (solid bars) and
representative free-living members of the y-3 subgroup of the Pro-
teobacteria (open bars). For each amino acid, codon families were
categorized based on A+T content, and the frequency of codons with
high versus low [A+T] was calculated. The four taxa (left to right) are
Buchnera(Sg), Buchnera(Sc), E. coli, and S. typhimurium.

tides. Second, analyses of base composition indicate that most
nucleotide sequence evolution is independent of or in oppo-
sition to selection at the polypeptide level. These analyses are
presented in the next section.

Evolution of Base Composition in Endosymbionts. For a
given amino acid, Buchnera sequences favor those codons that
are richer in A+T (Fig. 1). Similarly, previous results for other
genes within Buchnera indicate greater biases in codon third
positions (41, 46, 47). Thus, selective constraint acting on
polypeptide function appears to limit compositional bias.
These observations are consistent with a role of mutational
bias in determining overall genomic base composition (49-52).

More significant for the hypothesis that endosymbionts
accumulate deleterious mutations is the finding that substitu-
tions favoring A+T are not restricted to silent sites. For all five
genes analyzed, the majority of amino acid differences between
E. coli and Buchnera(Sg) are ones in which the amino acid in
Buchnera corresponds to a codon family with higher [A+T]
than the E. coli amino acid (Table 4). Likewise, amino acid
frequencies within the trp sequences of Buchnera strongly favor
those with codon families with high [A+T] (Fig. 2). These
observations support the hypothesis that a substantial propor-
tion of nucleotide substitutions in Buchnera are deleterious at
the level of polypeptide function.

DISCUSSION

The results above suggest that sequence evolution in Buchnera
is governed by two unusual circumstances. The first is the
increased rate of fixation of mildly deleterious mutations, as a
consequence of smaller populations and no recombination.
This condition appears to be general in cytoplasmically inher-
ited, endosymbiotic bacteria, as supported by the relative rates
tests on 16S rDNA (Table 1). The second circumstance is some
process leading to an increase in [A+T]. A similar pattern of
codon usage bias to that observed in Buchnera is found in some
other prokaryotes (50, 53, 59, 60) and in animal mitochondria
(49). This has been attributed to mutational bias and con-
trasted with the adaptive codon bias documented for E. coli, in
which highly expressed genes favor codons that are more

Table 4. Number of amino acid differences between E. coli and
Buchnera(Sg) that result in a codon family in Buchnera(Sg) with
greater [A+T], lower [A+T], or no change in [A+T] in genes
coding for tryptophan biosynthetic enzymes

No. of Total no. of More Less Same

amino acids  substitutions A+T A+T A+T
trpa 267 58 31 14 13
trpb 397 59 32 7 20
trpc(f) 471 198 145 20 33
trpd 337 50 25 9 16
trpe 563 87 59 12 16
. Total 2035 452 292 62 98
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FiG. 2. Use of amino acids corresponding to codon families with
different [A+T] content in trp genes of Buchnera(Sg) and E. coli.
Amino acids are grouped according to number of A+T in the codon
family: 0-1 (alanine, glycine, proline), 1-2 (asparagine, cysteine,
glutamic acid, glutamine, histidine, serine, threonine, valine), and 2-3
(aspartic acid, isoleucine, lysine, phenylalanine, tyrosine). Amino acids
not fitting one of these categories (arginine, leucine, methionine,
tryptophan) are omitted here.

efficiently translated (53). If the bias in Buchnera toward A+T
results strictly from mutational bias, then its major role in
polypeptide evolution implies the accumulation of deleterious
mutations. Many amino acid residues that have been con-
served by selection from deep nodes of the phylogeny of the
Proteobacteria are replaced in Buchnera with amino acids that
allow greater A+T. In organisms with large and/or recom-
bining populations, mutational bias has little effect on DNA
sequences because it is overridden by selection, even at sites
that are close to neutral (53). However, if selection is ineffec-
tive, as in small, asexual populations, mutational bias will affect
substitution, at both neutral and weakly selected sites. Findings
for Buchnera fit expectations for the combined effects of
Muller’s ratchet and mutational bias.

An alternative explanation for the bias in base composition
is that selection acts on genomic base composition and favors
greater [A+T]. Such selection could result from nucleotide
availability during replication, faster replication of A+T-rich
genomes, or some other aspect of DNA polymerization. Under
this explanation, selection acting on DNA composition op-
poses and overrides selection on polypeptide function. Al-
though this kind of selection cannot be ruled out entirely for
Buchnera, selection on genomic [A+T] alone cannot explain
the full suite of patterns in Buchnera. If the speedup in overall
rate of substitution were due solely to selection on genomic
base composition, the rate increase should be concentrated at
synonymous rather than nonsynonymous sites. The opposite is
observed. Although the accumulation of A+T is limited by
site-specific functional constraints, as indicated by the codon
bias (ref. 47; Fig. 1), the increase in evolutionary rates is
concentrated at sites subject to selection (Table 3). Addition-
ally, any effect of a single nucleotide on overall genomic base
composition is tiny [on the order of 1/(3 X 10~8), based on the
genome size of E. coli (61)], suggesting that any selective
differential associated with having A or T versus Cor G at a
particular position must be small. It would be remarkable if this
weak selection often could override selection on polypeptide
function to cause amino acid replacements at selectively
constrained sites throughout the genome.

If endosymbionts in general are subject to Muller’s ratchet,
we expect their sequence evolution to be more often affected
by mutational biases. In fact, base compositional biases are also
apparent for whitefly endosymbionts, tsetse endosymbionts,
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Table 5. Numbers of base differences for pairwise comparisons of 16S rDNA sequences of
cytoplasmically inherited bacteria and representative relatives

Number of differences with endosymbiont having

Related More Less Same Total
Endosymbiont lineage A+T A+T A+T differences
Buchnera(Sg) E. coli 97 26 19 142
Whitefly(Bt) E. coli 142 49 61 252
Mealybug(Dn) Ps. testosteroni 91 101 84 276
Tsetse(Gb) E. coli 102 31 40 173
Wolbachia(Cp) A. tumefaciens 136 40 64 240

Differences are subdivided into three categories: those in which the endosymbiont has A or T and the
free-living lineage has C or G, those in which the endosymbiont has C or G and the free-living lineage
has A or T, and those in which the difference is between A and T or between C and G. Selected relatives

had intermediate base compositions typical for their subdivision.

and Wolbachia (Table 5). The exceptions are the mealybug
endosymbionts, which show a base composition for this se-
quence near 50%GC, close to that of free-living relatives. The
lack of bias is consistent with accumulation of deleterious
mutations in this clade since the direction and degree of
mutational bias are expected to be organism specific. Indeed,
the mealybug endosymbionts, which show accelerated evolu-
tion (Table 1) but no apparent shift in base composition (Table
5), are further evidence that the rate increase is not due to
selection on genomic base composition.

An alternative hypothesis for the rate increase observed at
sites subject to selection in Buchnera is that selection in general
is weaker in endosymbionts, which may be buffered against the
range of environments encountered by free-living bacteria.
Generally weaker selection would have similar consequences
for sequence evolution as small population size and asexuality.
However, relaxed selection at all genes seems unlikely. For
example, in the case of Buchnera, bacterial activities are
essential to hosts (19), and selection on the host/endosymbiont
association has caused adaptive evolution within Buchnera (36,
46). The trp genes in particular are known to function as an
essential part of the association because aphids require tryp-
tophan synthesized by Buchnera. Becoming endosymbiotic
might affect the strength and direction of selection on different
genes and sites within genes but would seem unlikely to simply
weaken selection at all genes. The decreased role of selection
at all loci analyzed is more readily explained as an effect of
population structure. Changes in population structure will
affect all loci; changes in selective coefficients are expected to
vary among loci.

Implications for Universal Rate in Bacteria. Previous rate
calculations for 16S rDNA of Buchnera, calibrated with dates
based on fossils of the cospeciating aphid hosts, were about
1.5-2 times greater than those proposed earlier (9, 43) for a
variety of free-living bacteria, including enterics (25, 28). The
analyses of Table 1 imply that rates calculated for free-living
bacteria may be quite accurate, with rates observed in Buch-
nera being somewhat atypical.

The fact that some DNA sequence evolution appears to be
constant on a scale of absolute time rather than generations
has been considered evidence that many substitutions are
slightly deleterious rather than strictly neutral (8, 62, 63).
Under this argument, the tendency of rates to scale to absolute
time has been explained as a consequence of a negative
association between population size and generation time:
organisms with small populations evolve faster due to fixation
of slightly deleterious mutations but evolve more slowly be-
cause they tend to be large and to have long generation times.
But any relationship between population size and generation
time has many exceptions. Endosymbionts, such as Buchnera,
have relatively small populations and short generations. As
exceptions, they provide unusually good support for Ohta’s
nearly neutral theory (review in ref. 8), which holds that a large
proportion of mutations are mildly deleterious.

Compensatory Processes. Theoretical models indicate that
mutational load in small asexual populations can lead to
extinction (3-5, 64). Buchnera has persisted over 100 MY
without becoming extinct, although it has been lost from a few
aphid lineages (e.g., see ref. 65). It is possible that adaptive
evolution on the part of hosts, which retain sexual recombi-
nation and large populations, compensates for deleterious
evolution in their endosymbionts. In addition, compensatory
processes may occur in endosymbionts themselves.

In lineages subject to Muller’s ratchet, selection can favor
increased severity of deleterious mutations (3, 10). Lack of
repair genes in organelles has been noted as supportive of this
theoretical finding (3); however, organelles provide rather
weak evidence since they have lost most genes (66). The
apparent absence of recF in Buchnera(Sg) (39) provides stron-
ger support, since it is missing from the position expected on
the basis of knowledge of E. coli, with presence of >50 other
coding genes now confirmed in Buchnera(Sg) (46). An alter-
native interpretation of the apparent loss of recF is that its
deletion itself constitutes a mildly deleterious mutation.

During normal existence within hosts, Buchnera produces
unusually high amounts of the stress protein, or chaperonin,
GroEL (48, 67). High levels of GroEL also occur in endosym-
bionts of tsetse flies (68). In typical prokaryotes, groEL is
expressed at low levels except in response to environmental
stress, such as heat. GroEL mediates the folding of a variety of
polypeptides into their functional, folded forms (69-71). Con-
stitutive high expression of groEL in Buchnera (72) could be a
compensatory mechanism that allows enzymes to retain func-
tional conformation despite decreased stability caused by the
accumulation of many amino acid substitutions.

Endosymbiosis is an evolutionary innovation without which
many animal groups would not exist (20). The patterns de-
scribed for Buchnera raise the possibility that, once “cap-
tured,” endosymbionts undergo long-term deterioration due
to accumulation of mutations, possibly limiting long-term
fitness of hosts.
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